Metal phosphide has been widely investigated as a hydrotreating catalyst. The preparation and performance of noble metal phosphide catalyst was examined to develop new phosphide hydrotreating catalysts. The supports affect reducibility of phosphate as a P precursor. Since phosphate does not strongly interact with SiO2 and TiO2 supports, Rh2P was easily formed on these supports. Furthermore, formation of Rh2P enhanced the hydrodesulfurization (HDS) activity of supported Rh _ P catalyst. The type of noble metal (NM) and P/NM ratio also strongly affect formation of noble metal phosphide and HDS activity. Excess P facilitates formation of noble metal phosphides at lower reduction temperature. In contrast, excess P causes the aggregation of noble metal phosphide and formation of phosphorus rich noble metal phosphide. Rh _ 1.5P/SiO2 catalyst had high and stable activity for HDS reaction. Furthermore, this catalyst showed significantly higher hydrodenitrogenation (HDN) activity than sulfided NiMoP/Al2O3 catalyst. Therefore, Rh2P has great potential as a new hydrotreating catalyst.
Introduction
Substantial efforts are being made worldwide to develop technologies for solving environmental problems. Sulfur oxides (SOx), which are formed by the combustion of organic sulfur compounds in fuels, cause air pollution, acid rain and deactivation of automotive exhaust catalysts. Consequently, clean fuels have been produced in the petroleum industry using hydrodesulfurization (HDS) processes based on sulfided Co(Ni)Mo/Al2O3 catalysts. Heavy oil contain greater quantities of sulfur compounds compared with gasoline and diesel fuel, so regulation of SOx emissions from ships is expected to become more stringent. Recently, the petroleum industry claimed that the development of highly active HDS catalysts with higher activity than commercial CoMo catalysts will prevent environmental problems and the deactivation of automotive exhaust catalysts 1) 4) . The Co _ Mo _ S phase is the active site of sulfided CoMo/Al2O3 catalyst 1),4), 5) . Various methods for preparing highly active CoMo-based HDS catalysts, such as the Co chemical vapor deposition (CVD) technique 1), 4) , and addition of phosphorus 1),6), 7) and chelating agents 1),8), 9) , have been widely investigated to form the Co _ Mo _ S phase. Furthermore, new phases active as new HDS catalysts, such as carbides 10) 14) , nitrides 10 ),11), 15) , and phosphides 2),3),14), 16) 38) , have been reported. In particular, transition metal phosphides, such as , have received extensive attention 2),3), 34) . Hydrogenation is an important method for the desulfurization of refractory organic sulfur compounds, such as 4,6-dimethyldibenzothiophene 4),29), 41) . Furthermore, since organic nitrogen compounds are well known to poison HDS catalyst 42) 45) , any high performance HDS catalyst should have high hydrodenitrogenation (HDN) activity. HDN of aromatic nitrogen compound occurs through hydrogenation of the aromatic ring, followed by cleavage of the C _ N bond to form NH3 and hydrocarbon 28 ),45), 46) . Therefore, high hydrogenation activity is one of the important characteristics of highly active HDS catalyst.
Recently, we reported that noble metal (NM), especially Pt, catalysts showed high and stable HDS activities 47) 53) . We proposed two reaction mechanisms for the HDS reaction: the monofunctional route occurring on Pt particles, and the bifunctional route occurring on Pt and Brønsted acid sites 47) 53) . Therefore, noble metal phosphide catalyst, which has moderate hydrogenation activity, can be expected to show high HDS and HDN activities.
This review introduces the effects of reduction temperature, support, and P/NM ratio on the formation of noble metal phosphides as new HDS catalysts and describes their HDS and HDN activities 54) 58) .
Effect of Supports on Formation of Noble Metal
Phosphides and Hydrodesulfurization Activities
1. Synthesis of Bulk Metal Phosphides
Numerous synthesis methods, such as combination of elements, solid state metathesis, reaction with phosphine, decomposition of organometallics, electrolysis of salts, and reduction of phosphate, have been reported for the preparation of metal phosphides 3), 19) . Among these methods, phosphate reduction is a convenient and simple method to prepare phosphide catalysts 19) . Tungsten phosphide (WP) was synthesized by the reduction of tungsten phosphate, which was prepared from evaporation of ammonium metatungstate and ammonium phosphate aqueous solution 35) . Other phosphides (Ni2P and MoP) have also been prepared by phosphate reduction 26),28), 30) . NH4NiPO4 nH2O reduced with hydrogen (5 vol%, at 650-750 ) reacts to form Ni2P 20) . Rh2P and Ir2P were also synthesized by phosphate reduction 59) . Rh2P as a single crystalline phase was formed after reduction at 375 59) . In contrast, Ir2P was formed after reduction at 600 , but metallic Ir was also present as an impurity 59) .
Effect of Supports on Formation of Ni2P and
Hydrodesulfurization Activity The support is known to affect the HDS activity of Ni2P catalyst. H3PO4 probably reacts with Al2O3 and SiO2 _ Al2O3 to form AlPO4, rather than reacts with Ni to form Ni2P 16) . XPS analysis revealed that AlPO4 was formed in Ni2P/Al2O3 catalysts, whereas silicon phosphates did not occur in Ni2P/SiO2 catalysts 24) . These findings indicate that SiO2 does not strongly interact with phosphate. Therefore, SiO2 is a suitable support for Ni2P catalyst.
TiO2 has been widely investigated as a support for hydrotreating catalysts 4),40),41),60) 63) . Ni2P catalyst can be prepared on TiO2, as well as SiO2 support 64) . Addition of TiO2 enhances the C _ N bond cleavage activity of MoP/MCM-41 catalyst, but inhibits the dehydrogenation activity 40) . The support affects the HDS activity of CoMo catalysts 45) and the acidity of the support enhances the sulfur tolerance of noble metalbased HDS catalysts 65) 67) . Consequently, the support may have important effects on the formation and HDS activity of Rh2P, which is more easily formed than Ni2P and Ir2P. 55) Reduction temperature is one of the important factors in the reducibility of phosphate and the formation of phosphide. Figure 1 shows the temperature programmed reduction (TPR) profiles of 1. in the TPR profile of P/SiO2 catalyst 57) . Furthermore, two peaks at approximately 50 and above 650 occurred for the physically mixed Rh/SiO2 and P/SiO2 catalysts, in which the Rh2O3 hardly interacted with the phosphate 58) . Therefore, the reduction peak in the range of was attributed to reduction of the phosphate that interacted with the Rh2O3. Reduction peaks were observed at 280, 540 and 730 , and a shoulder peak appeared at 400 for the Rh _ 1.5P/TiO2 catalyst. TiO2 is well known to be more reducible than other metal oxides 68), 69) . Therefore, the large peak observed at 540 would include reduction of the TiO2 support. The profile of Rh _ 1.5P/Al2O3 catalyst showed no reduction peaks from 200 to 600 , but H2 consumption increased above 700 . Phosphate reacts with the surface of Al2O3 to form AlPO4 in the Ni2P/Al2O3 catalyst 16 ), 24) . Therefore, the H2 consumption observed above 700 was attributed to the reduction of AlPO4. The same trend was also observed in the TPR profile of Rh _ 1.5P/ZrO2, indicating the presence of zirconium phosphate. On the other hand, the reduction peak of MgRh2O4 70) appeared at 550 in the TPR profile of Rh _ P/MgO catalyst. Furthermore, X-ray diffraction (XRD) showed no peaks for Rh species in calcined Rh _ 1.5P/MgO catalyst, implying that highly dispersed MgRh2O4 is present in the Rh _ 1.5P/MgO catalyst. The XRD peak intensities of metallic Rh (2θ 40.9°) and Rh2P (2θ 46.7°) in reduced Rh _ 1.5P/MOx catalysts are also shown in Fig. 1 . The intensity of metallic Rh decreased with higher reduction temperature, whereas the intensity of Rh2P increased, in all catalysts. Furthermore, remarkable increase in Rh2P intensity agreed with observed phosphate reduction (TPR profile). On the basis of these findings, the order of formation temperature of Rh2P on MOx support was SiO2 _ TiO2 MgO ZrO2 Al2O3.
3. Formation of Rh2P on Various Metal Oxide Supports

4. Hydrodesulfurization Activities of Metal
Oxide-supported Rh2P Catalysts 55) The type of support strongly affects Rh2P formation, as shown in Fig. 1 . Therefore, we evaluated the HDS activities of Rh _ 1.5P/MOx catalysts reduced at various temperatures 56) . Table 1 shows the catalytic activities of Rh _ 1.5P/MOx for the HDS of thiophene (C4H4S). The optimal reduction temperature for the highest activity remarkably changed with the type of MOx support. The highest activity appeared at low reduction temperature (550 ) for Rh _ 1.5P/SiO2 catalyst, whereas the highest HDS activities occurred at higher reduction temperatures (above 650 ) for other supports. These findings suggest that the formation temperature of Rh2P significantly depends on the type of MOx support. Regardless of the relatively easy formation of Rh2P, the highest HDS activity for Rh _ 1.5P/TiO2 catalyst was obtained at 650 . The order of HDS activities was SiO2 _ TiO2 _ Al2O3 MgO ZrO2. 62) . Furthermore, sulfided TiO2 is involved in the active phase of the HDS reaction 61) . The TPR profile of the TiO2 support includes a small H2 consumption for TiO2 55) , indicating that reduced TiO2 (TiOx) is formed above 550 . TiOx may react with H2S to form sulfided TiO2 (TiOxSy) in the HDS reaction. Therefore, the Rh _ 1.5P/TiO2 catalyst showed the highest HDS activity at higher reduction temperature (600 ), and TiOxSy also acts as promoter and/or active site to enhance the TOF of Rh _ P catalyst. We previously reported that the lower TOFs of NM _ P catalysts can be explained by the presence of smaller noble metal phosphide particles 57) . Consequently, the high TOF of Rh _ 1.5P/ZrO2 catalyst can be explained by the remarkably low CO uptake compared with other catalysts ( Table 1) . Regardless of the similar CO uptake, the TOFs were higher for Rh _ 1.5P catalyst supported on Al2O3 and SiO2 than for catalysts supported on MgO, because the basic properties of MgO would lead to low sulfur tolerance of the Rh2P catalyst.
E f f e c t o f P / N M R a t i o o n Fo r m a t i o n a n d
Hydrodesulfurization Activities of Noble Metal Phosphide Catalysts
1. Nickel Phosphide
The effects of P loading on the formation of the nickel phosphide phase and on the HDS activity are well known 3),17) 19),23), 24) . Lower P/Ni ratio promotes the formation of Ni12P5 phase, which is an intermediate in the formation of Ni2P 25) . In general, the Ni2P phase has higher HDS activity than the Ni12P5 phase 18),21),23), 24) . Furthermore, Ni2P catalyst has higher activity than Ni5P4 and NiP2 among high P/Ni ratio catalysts 22) . Therefore, the P/Ni ratio is an important factor to determine the formation of the nickel phosphide phase and its HDS activity. Furthermore, reduction of the P precursor, in which the P/Ni ratio is higher than the stoichiometric ratio of Ni2P (P/Ni 0.5), results in the formation of the Ni2P phase 17),18), 24) . Therefore, the optimal P/Ni ratio for high HDS activity of the Ni2P catalyst is 0.8-2.2. As with the Ni2P catalysts, the P/ NM ratio should also strongly affect the formation of noble metal phosphide and its HDS activity. 54) , 58) Rh2P catalyst on SiO2, TiO2, and Al2O3 supports showed superior HDS activities compared with MgO and ZrO2 supports, as shown in Table 1 . However, the formation of Rh2P on Al2O3 requires higher reduction temperature due to the formation of AlPO4, and the TOF of Rh2P is remarkably enhanced by TiO2 support 55) . Therefore, SiO2, which has no strong interaction with Rh2P or phosphate, is the superior support for clarifying the effects of P loading on Rh2P formation and the catalytic activity for HDS reaction. Consequently, the effects of reduction temperature and P/NM ratio were examined on the formation of noble metal phosphide and on the HDS activities of NM _ P/ SiO2 catalysts.
2. Rhodium Phosphide
The catalysts were labeled as Rh _ xP, where "x" denotes the P loading (wt%). The P/Rh ratio in the catalysts with 0.8, 1.5, 2.2 and 3.0 wt% P loading was 0.5, 1.0, 1.5 and 2.0, respectively. TPR and XRD analysis revealed that Rh2P is easily formed in Rh _ xP catalysts with higher P/Rh ratio 58) . Furthermore, RhP2 was formed in the Rh _ 3.0P catalyst (P/Rh 2.0) reduced at 650 , but not in other catalysts 58) . However, transmission electron microscopy (TEM) and CO adsorption experiments revealed that the particle size of Rh2P increased with P/Rh ratio 58) . The Rh _ 1.5P catalyst (P/ Rh 1.0) showed the highest HDS activity, which was four times greater than that of the Rh catalyst 58) . Thus, we concluded that moderate P loading (P/Rh 1.0), which resulted in good reducibility of the phosphates and small Rh2P particle size, resulted in the high HDS activity of the Rh _ 1.5P catalyst 58) . The catalytic stability was evaluated as relative activity (A/A0), where A is the activity at any reaction time and A0 is the initial activity (at 10 min) 54) . Figure 2 shows the A/A0 of reduced Rh _ 1.5P/SiO2 and sulfided CoMoP/Al2O3 catalysts. After reaction for 1 h, the A/ A0 of CoMoP/Al2O3 catalyst remarkably decreased then remained stable from 5 h until 30 h. On the other hand, the A/A0 of Rh _ 1.5P catalyst slightly decreased with time on stream, but remained higher than that of pre-sulfided CoMoP/Al2O3 catalyst at reaction time. Therefore, the Rh _ 1.5P/SiO2 catalyst has higher stability and potential for HDS reaction than the commercial CoMoP/Al2O3 catalyst. Furthermore, the HDS activity of Rh _ 1.5P/SiO2 catalyst was higher than that of Ni2P/ SiO2 catalyst 54) . Rh2P/SiO2 catalyst also showed excellent stable activity for HDS of dibenzothiophene which was higher than that of Ni2P/SiO2 catalyst 71) . In .
Palladium Phosphide
XRD demonstrated the peaks of PdO in Pd _ xP/SiO2 catalysts after calcination, as shown in Fig. 3 . The TPR profiles of Pd _ xP/SiO2 catalysts are shown in Fig. 4 . A negative peak appeared around 80 , which was assigned to decomposition of palladium hydride 72) , which is formed at room temperature. This peak temperature hardly changed with higher P/Pd ratio. Reduction of phosphate was observed above 600 in Pd _ 0.8P catalyst (P/Pd 0.5). On the other hand, the reduction peak appeared around 350 in the TPR profiles of Pd _ xP catalysts with higher P/Pd ratio (above 1.0). The reduction peak of nickel phosphate was observed in the TPR of Ni2P/SiO2 catalyst with a higher P/Ni ratio (above 1) 18) . The large peak at 350-400 in the TPR profiles of Rh _ xP catalysts with higher P loadings (P/Pd ≥ 1.5) can be attributed to the reduction of rhodium phosphate 58) . These findings suggest that the peak observed at 350 could be attributed to the reduction of palladium phosphate.
The XRD patterns of Pd _ xP catalysts reduced at 450-650 are shown in Fig. 3 . Only the peaks for metallic Pd were observed in the patterns of Pd catalysts reduced at any temperature. A strong peak appeared around 40°, which contains the main peak of Pd and Pd6P, and small Pd and Pd6P peaks appeared for the Pd _ 0.8P catalyst (P/Pd 0.5) reduced at 450 . However, the Pd3P peaks also appeared for this catalyst reduced above 550 . These findings indicate that Pd6P is an intermediate in the formation of Pd3P. We previously reported that broad peaks for Pd4.8P were observed in the XRD patterns of Pd _ 1.5P catalyst (P/Pd 1.0) 54) . However, other palladium phosphides (Pd6P and Pd3P) were also present in this catalyst. After reduction at 600 , the Pd3P phase was obtained from NH4H2PO2 precursor (P/Pd 1.2) 73) . On the other hand, the peaks for Pd6P, Pd4.8P and Pd3P were observed in the XRD pattern of the Pd _ 1.5P catalyst (P/Pd 1.0) reduced at 550 . These findings indicate that phosphate, which is difficult to reduce compared with hypophosphite, would induce formation of the more Pd rich phosphide. At higher P/Pd ratio, some palladium phosphides, such as Pd6P, Pd4.8P and Pd3P, were formed at lower reduction temperature (450 ). Furthermore, the broad peaks for Pd5P2 were observed in the Pd _ xP catalysts with higher P/Pd ratio (above 1.0) reduced at 650 . This phenomenon could be explained by the formation of disordered phosphides. On the basis of the TPR and XRD findings, palladium phosphides are easily formed at higher P/Pd ratio, as well as rhodium phosphide 58) . Figure 5 shows the effect of reduction temperature on the rate constant of the HDS reaction (kHDS, assuming pseudo-first-order reaction) over the Pd _ xP catalysts. The HDS activity of Pd catalyst slightly decreased with higher reduction temperature. In contrast, the optimal reduction temperatures for the maximum HDS activities of the Pd _ xP catalysts were clearly observed. The optimal reduction temperature for the maximum HDS activity of the Pd _ xP catalyst decreased with higher P/Pd ratio, indicating that the reducibility of phosphate and formation of phosphides strongly affect the HDS activity of Pd _ xP catalyst. This trend was also observed in the Rh _ xP catalysts 58) . Table 2 shows the kHDS and CO uptake of NM _ xP catalysts. The highest kHDS was obtained at P/Pd of 0.5. On the other hand, the CO uptake of the Pd _ 0.8P catalyst (P/Pd 0.5) was the lowest among the Pd _ xP catalysts, possibly because the high reduction temperature (650 ) caused aggregation of palladium phosphide.
4. Ruthenium Phosphide
XRD revealed that RuO2 was formed in all Ru _ xP catalysts after calcination (Fig. 6) . A small Ru peak appeared in the XRD patterns of Ru _ xP catalysts with P/Ru ratio above 1.5. This trend was the same as that for the Rh _ xP catalysts 58) . Figure 7 shows the TPR profiles of Ru _ xP catalysts. The peaks for reduction of RuO2 appeared at 112 and 138 in the Ru catalyst, and shifted to higher temperatures with increasing P/Ru ratio. The same trend was observed in the TPR profiles of the Ni _ P 18), 23) and Rh _ P 58) catalysts. These findings suggest that phosphate cover the RuO2 particles, resulting in decreased reducibility of RuO2. In contrast, the reduction peaks of phosphates shifted to lower temperature with increasing P/Ru ratio, as for the Rh _ xP 58) and Pd _ xP catalysts. However, the peaks from 300 to 600 , which are assigned to reduction of phosphates interacting with noble metal and/or noble metal phosphates, did not appear for the Ru _ 1.5P catalyst (P/Ru 1.0). On the other hand, the peaks from 300 to 600 were clearly observed for the Rh _ xP 58) and Pd _ xP (Fig. 4) catalysts with the same P/NM ratio (1.0). The formation of ruthenium phosphides was confirmed by XRD of the reduced Ru _ xP catalysts (Fig. 6) . Ru2P was formed in the Ru _ 0.8P catalyst (P/Ru 0.5) reduced at higher temperature (650 ), but metallic Ru also remained. Peaks for P rich ruthenium phosphide (RuP) were observed with P/Ru ratio above 1.5. These findings indicate that the reduction temperature and P/Ru ratio strongly affect the formation of ruthenium phosphides, as for rhodium and palladium phosphides. After reduction at 500 , phase-pure Ru2P catalyst was prepared from the precursor using NH4H2PO2 with P/ Ru ratio of 0.6 73) . In our study, since a small Ru peak (2θ 44.1°) was detected by XRD of Ru _ P catalyst with P/Ru of 1.0 reduced at 650 , phase-pure Ru2P was not obtained, possibly because phosphate was used as a P precursor, which is harder to reduce than hypophosphite, as mentioned above. Figure 8 shows the relationship between reduction temperature and HDS activities of Ru _ xP catalysts. The maximum HDS activities of Ru _ xP catalysts were obtained at around formation temperature of ruthenium phosphides. The trends for the Ru _ xP catalysts were the same as those for the Rh _ xP 58) and Pd _ xP catalysts. The kHDS and CO uptake of Ru _ xP catalysts are listed in Table 2 . Ru _ 1.5P catalyst (P/Ru 1.0) showed the highest kHDS among Ru _ xP catalysts, and about 50 times greater than that of Ru catalyst. Supported Ru2P and RuP catalysts exhibited higher HDS activities than supported Ru catalyst 74) . Calcination at higher temperature induce migration of RuO2 leading to sintering on SiO2 support 75), 76) . The calcination temperature of NM _ xP catalysts was 500 , which is adequate for sintering of RuO2 particles. However, the CO uptake of Ru _ xP catalyst increased with higher P/Ru ratio. XRD of Ru _ xP catalysts after calcination (Fig. 6) revealed that the intensity of RuO2 peaks remarkably decreased and the width broadened with higher P/Ru ratio. Furthermore, shifts of the reduction peaks for RuO2 were observed in the TPR profiles of Ru _ xP catalysts, as shown in Fig. 7 . The excess phosphates may interact with RuO2 and inhibit the sintering caused in the calcination step at 500 . Therefore, higher P/Ru ratio leads to increased CO uptake of Ru _ xP catalyst.
5. Platinum Phosphide
The range of P loading was the same for the Pt catalyst as for other NM _ xP catalysts (0-3.0 wt%). However, the atomic weight of Pt is approximately twice that of other NMs (Rh, Pd, and Ru). Therefore, the range of P/Pt ratio is from 0 to 4.0. Figure 9 shows the XRD patterns of calcined Pt _ xP catalysts. Metallic Pt peaks were clearly observed instead of oxides in all catalysts. The TPR profiles of Pt _ xP catalysts are shown in Fig. 10 . No peaks indicating reduction of platinum oxides were found. Above 600 , H2 consumption, which was assigned to the reduction of phosphates on SiO2 support 57), 58) , was observed in the catalyst with P/Pt ratio of 1.0. The start of this H2 consumption moved to lower temperature with higher P/Pt ratio. However, the peak temperature was little changed, indicating that phosphates strongly interact with SiO2, but not Pt.
The XRD patterns of reduced Pt _ xP catalysts are shown in Fig. 9 . Unknown and PtP2 peaks were observed with higher reduction temperature and P/Pt ratio. On the other hand, the peaks for metallic Pt appeared in the XRD patterns of Pt _ 3.0P catalyst (P/Pt 4.0) reduced at 450 and 550 despite the higher P/Pt ratio. This finding indicates that Pt is less reactive with P compared with other NMs. PtP2 was formed in the Pt _ xP catalyst reduced at 650 at P/Pt over 1.0. In other NM _ xP catalysts, P loading excess to the stoichiometric z/y ratio resulted in the formation of noble metal phosphide (NMyPz).
The effect of reduction temperature on HDS activities of Pt _ xP catalysts is shown in Fig. 11 . The HDS activity of Pt catalyst decreased with higher reduction temperature. The HDS activities of the Pt _ xP catalysts, except Pt _ 1.5P catalyst (P/Pt 2.0), also decreased with higher reduction temperature. Table 2 shows the kHDS and CO uptake of Pt _ xP catalysts. The kHDS and CO uptake decreased with higher P/Pt ratio. 3. 6. Relationship between P/NM Ratio and HDS Activities of Noble Metal Phosphides As mentioned above, the HDS activity of NM _ xP catalyst was enhanced by the formation of noble metal phosphide. The optimal P/NM ratio for the maximum HDS activities of NM _ xP catalysts depended on the type of NM, as shown in Table 2 . Since metal rich phosphides (Pd6P, Pd4.8P and Pd3P), which have lower P/NM ratio than Rh2P and Ru2P, were formed in the Pd _ xP catalysts (Fig. 3) , the maximum HDS activity was obtained at lower P/NM ratio (0.5) for the Pd _ xP catalyst than for the Rh _ xP and Ru _ xP catalysts (1.0). On the other hand, the HDS activity of NM _ xP catalyst decreased with higher P/NM ratio above the optimal value.
In our previous study, CO uptake and TEM observations revealed that excess P caused aggregation of Rh2P particles 58) . In this study, CO uptake of the Pd _ xP catalyst also decreased with higher P/Pd ratio. Aggregation of palladium phosphide particle caused decrease of HDS activity at higher P/Pd ratio. However, the XRD patterns and CO uptake of Ru _ xP catalysts indicated that excess P inhibits sintering of Ru species in the calcination step. Moreover, the average particle size of Ru _ 1.5P catalyst (11.5 nm, after reduction at 600 ) calculated from the TEM images was smaller than that of Ru catalyst (14.6 nm, after reduction at 450 ) 56) . Ni2P catalyst showed higher activity than Ni5P4 and NiP2 catalysts with high P/Ni ratio 22) . P rich ruthenium phosphide (RuP) was formed in the Ru _ xP catalysts with higher P/Ru ratio, as shown in Fig. 6 . Therefore, the low HDS activities of Ru _ xP catalysts with higher P/Ru ratio (above 1.5) are probably caused by the formation of RuP.
The TPR and XRD findings showed that phosphates were less reactive with Pt in the Pt _ xP catalyst. In addition, the HDS activity of Pt catalyst decreased with higher P/Pt ratio despite the formation of platinum phosphide, as shown in Table 2 . Therefore, the decrease in HDS activity can be explained by the P covering the Pt sites 54) and/or low activity of platinum phosphide, such as PtP2.
Hydrodenitrogenation Activities of Noble Metal
Phosphide Catalysts 56) In the NM _ xP catalysts, except Pt _ xP, high HDS activity was obtained with P/NM ratio of 1.0. Thus, the effects of reduction temperature on catalytic activities of NM and NM _ 1.5P for HDN of pyrrole (C4H4NH) were examined (Fig. 12) . The HDN activities of Rh and Pd catalysts were little changed with higher reduction temperature. On the other hand, the HDN activity of Ru catalyst gradually decreased with increased reduction temperature from 450 to 600 . Additionally, remarkably low HDN activity was observed at 650 . The optimal reduction temperature for maximum HDN activity of the Pt catalyst was 400 . The order of maximum HDN activities of the NM catalysts was Rh _ Ru Pt Pd.
The HDN activity of Rh _ 1.5P catalyst decreased with higher reduction temperature. In contrast, optimal reduction temperatures for the maximum HDN activities of the Ru _ 1.5P 56) and Pd _ 1.5P catalysts were observed. The HDN activity of Pt _ 1.5P catalyst little changed with higher reduction temperature. The order of maximum HDN activities of the NM _ 1.5P catalysts was Rh _ P Ru _ P Pd _ P Pt _ P. Since the aromatic C _ N bond is stronger than the aliphatic C _ N bond 45) , the removal of the nitrogen atom is carried out through hydrogenation of the aromatic structure and breaking of the resulting aliphatic C _ N bond 28),45), 46) . Thus, NiMo and NiW catalysts, which have higher hydrogenation activity than CoMo catalyst, are often used for the HDN reaction 45) . We used NiMoP/Al2O3 as a reference catalyst to evaluate the HDN activities of NM _ P catalysts. The HDN activity of sulfided NiMoP/Al2O3 catalyst (HDN conversion: 12.2 %) 56) was slightly lower than the maximum HDN activity of Pd _ P catalyst (reduced at 600 ), indicating that Rh _ P and Ru _ P catalysts showed remarkably high HDN activity.
Conclusion
In the last decade of the 20th century, metal phosphide has been developed as a hydrotreating catalyst. Here we reported the preparation and catalytic performance of noble metal phosphides for hydrotreating reactions. The formation temperatures of Rh2P on SiO2 and TiO2 supports were lower than those of other MOx supports. In particular, the Al2O3 and ZrO2 supports strongly interact with phosphate to form aluminum and zirconium phosphates, and these substances inhibit the formation of Rh2P. Rh2P catalyst supported on SiO2, TiO2 and Al2O3 showed high HDS activities. However, these maximum HDS activities were obtained at distinct reduction temperatures, indicating that Rh2P formation strongly affects the HDS activity of Rh _ P/MOx catalyst. Formation of noble metal phosphides and HDS activities were influenced by the types of NM and P/NM ratio. The excess P interacts with NMs, except Pt, and formation of these species are important to form noble metal phosphides at lower reduction temperatures. Simultaneously, excess P causes nega tive effects, such as aggregation of noble metal phosphides (except Ru) and formation of P rich noble metal phosphides. Consequently, an optimal P/NM ratio for the maximum HDS activity of the NM _ xP catalyst is observed. Rh _ 1.5P catalyst has high stability for HDS activity and remarkable high HDN activity. Therefore, Rh2P has great potential as a new hydrotreating catalyst. 
